T reaTmenT decisions regarding metastatic spine disease are often dependent on a number of factors including clinical symptoms, the presence of myelopathy or functional radiculopathy, tumor histology and anticipated radiosensitivity, spinal stability, medical comorbidities, and extent of disease. A significant anatomical factor is the degree of ESCC.
Historically, myelography was used to define ESCC based on the degree of myelogram dye block as none, partial or incomplete, or complete. 8, 10, 18 The transition to MR imaging as the diagnostic modality of choice for spine tumors has left a void in defining the degree of ESCC, thus causing difficulty in interpreting the more recently published literature. 3 The importance of a clearly defined grading system for ESCC has become even more important with the development of SRS of the spine. 5, 6 Despite a steep dose gradient, tumors that compress or even abut the spinal cord may be excluded from consideration of SRS because of the constraints of spinal cord tolerance. A validated ESCC grading system will provide consistent reporting in the radiation, surgery, and radiology literature.
This study presents the validation of a 6-point grading system to standardize reporting regarding ESCC. A 4-grade, MR imaging-based grading system was previously reported based on the degree of impingement of the CSF space and spinal cord compression. 4 This system was sufficient to report surgical decision making, but the introduction of SRS necessitated expansion to a 6-point grading system to account for gradations of thecal sac impingement. This grading system can be used in single and multiinstitutional trials and may ultimately be used to help guide decision making.
Methods

Survey Administration
A 6-point grading system was established to determine the degree of ESCC. The original 4-point system ranged from 0 to 3. In the original system, a grade of 0 indicated bone involvement only; 1, epidural impingement; 2, spinal cord compression but CSF visible; and 3, spinal cord compression but no CSF seen. Based on the need to further delineate epidural impingement for SRS purposes, the Grade 1 category was subdivided into Grades 1a-c where 1a indicated epidural impingement but no deformation of the thecal sac; 1b, deformation of the thecal sac, but without spinal cord abutment; and 1c, deformation of the thecal sac with spinal cord abutment, but without compression ( Figs. 1 and 2) .
A survey consisting of axial MR images was distributed by mail to 7 members of the Spine Oncology Study Group consisting of neurological and orthopedic surgeons who specialize in the treatment of spine tumors. A series of 25 metastatic tumors were compiled. Included for each case were 1 sagittal T1-weighted image and 3 axial images, including T1-weighted, T2-weighted, and T1-weighted Gd-enhanced images. An axial image from an adjacent normal spinal segment of the same signal intensity was included for comparison on each slide (Fig.  3) . The surgeons were asked to grade the degree of epidural spine cord compression using the 6-point grading scheme. This survey was administered 3 times at 2-week intervals. Each time the order of the images was changed in a random fashion.
Statistical Analysis
Statistical analysis was conducted using SPSS 15.0 software (SPSS, Inc.). Interrater agreement and test-retest reliability were assessed using the ICC. The test-retest reliability assessed the degree of agreement between the first and second and the second and third administrations of the survey for each surgeon. The data were further stratified to determine if specific MR imaging sequences provided superior reliability in the measurement of ESCC. An ICC less than 0.39 was considered consistent with poor correlation, 0.4-0.59 with fair correlation, 0.6-0.74 with good correlation, and 0.75-1.0 with excellent correlation. All CIs were computed with 95% certainty.
Results
The overall interrater reliability of the ESCC grading scale ranged between fair and good (0.569-0.665) during the 3 iterations of the survey. While the ICC ranged between poor and good for the T1-weighted images with or without contrast administration (0.395-0.633), the ICC for T2-weighted images yielded superior results ranging from good to excellent (0.701-0.782). The intrarater reliability ranged between good and excellent (0.619-0.819), with T2-weighted images resulting in excellent correlation during both comparisons. Furthermore, the confidence intervals of the T1-weighted images without contrast and of the T2-weighted images did not overlap, indicating a statistically significant difference between the reliability of measurement provided by the 2 sequences.
Discussion
The need for a reliable, validated MR imaging-based ESCC grading system is important for consistency in reporting single and multiinstitutional outcomes of surgical and radiotherapeutic studies. Prior to MR imaging, decision making was based on myelography findings. 8, 10, 18 Because of the invasive nature of myelography, these studies were often withheld until patients presented with advanced myelopathy. Magnetic resonance imaging provides a more tolerable diagnostic test than myelography, and, thus, patients often undergo imaging when there are symptoms of biological spine pain before the onset of neurological symptoms. 1, 7, 15 More effective surgical and radiotherapeutic options offered prior to the development of myelopathy have helped improve outcome in patients with spine tumors.
Multiple surgical series have used high-grade spinal cord compression as indications for surgery, but most have not defined this term.
9,13,14 Patchell et al. 12 conducted a randomized, multiinstitutional study comparing the outcome of surgery and conventional external-beam radiotherapy with external-beam radiotherapy alone in patients with metastatic ESCC and symptomatic, solid tumors. In this study, ESCC was defined as displacement of the spinal cord. The surgical group experienced improved maintenance and recovery of ambulation, bladder function, and even survival.
In a number of studies, a 4-point ESCC grading system was used to further delineate degrees of spinal cord compression and justify the need for surgery, especially in patients who had symptomatic back pain or functional radiculopathy but in the absence of myelopathy. 2, 16 Highgrade ESCC was defined as deformation of the spinal cord with partial (ESCC Grade 2) or complete (ESCC Grade 3) obliteration of the CSF space. Surgery was justified for neurological preservation in radiotherapy-resistant tumors with high-grade ESCC. Patients with ESCC Grade 0 (bone only) and Grade 1 (epidural impingement) were considered for radiation therapy even in the presence of radioresistant tumors.
The evolution of high-dose conformal photon therapy, such as SRS, necessitated a more sensitive ESCC grading system. Cytotoxic doses of radiation to the tumor are significantly greater than doses that result in toxicity to the spinal cord. Although spinal cord toxicity has not been precisely delineated for SRS, safe radiotherapy doses of 14 Gy to a single voxel on the spinal cord or 10 Gy to 10% of the spinal cord volume have been reported in the literature. 17 In a recently reported dose escalation study, Yamada et al. 17 showed that patients who received a 24-Gy single fraction achieved significantly better local tumor control than those who received less than 24 Gy. Additionally, those who received less than 15 Gy to the entire planning target volume had a significantly higher probability of recurrence. 11 Both of these doses are above spinal cord tolerance.
In the original ESCC grading system, Grade 1 compression represented all degrees of spinal cord impingement, but the grade was not sensitive enough to differen- tiate potential candidates for SRS. On this basis, Grade 1 was subclassified into Grades 1a, 1b, and 1c to reflect different degrees of epidural impingement. Despite a steep dose gradient of approximately 10% per millimeter generated using current stereotactic radiosurgery techniques, the challenge remains whether one can deliver a cytotoxic dose to the tumor and remain within spinal cord constraints. On this basis, a tumor presenting as an ESCC grade of 1c with actual spinal cord abutment presents significantly greater challenges in radiation planning and delivery than an ESCC of Grade 1a or 1b that has a 1-or 2-mm distance from the spinal cord. In many cases, this small distance may change the safe therapeutic window. For instance, a renal cell carcinoma with an ESCC of Grade 1a or 1b may safely receive a minimum dose to the epidural margin of 15 Gy with a maximum dose of 14 Gy to a single voxel on the spinal cord. An ESCC grade of 1c with spinal cord abutment receiving a prescribed dose of 15 Gy to the tumoral margin could overdose the spinal cord, possibly resulting in myelopathy. The subclassification of Grade 1 impingement improves the grading system as a tool to delineate potentially important differences in the ability to deliver effective SRS.
Conclusions
This paper represents a validation study of an ESCC grading system that takes into account the assessment of surgical and SRS candidates. Not unexpectedly, the T2-weighted images were the most reliable for both inter-and intrarelater reliability. The T2-weighted images provide a myelogram-like effect in which the CSF spaces are readily identifiable. The T1-weighted images often show no differentiation between tumor and CSF, which are frequently both hypointense relative to normal vertebral body signal. Our study confirmed that T1-weighted contrast images were not as reliable as T2-weighted images. The proposed ESCC grading system, based on axial T2-weighted images, provides consistency in reporting and a basis for multiinstitutional trials.
A 6-point ESCC grading system represents a reliable and informative instrument that may guide treatment decisions. This scale takes into account recent advances in radiation oncology and the associated modifications in the surgical treatment of spinal tumors. Furthermore, it provides the basis for uniform ESCC reporting among various oncology centers and publications. The good inter-and intrarater reliability, especially when using T2-weighted images, validates this scale as a reliable grading device that may provide consistency when describing ESCC.
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